Abstract
Introduction
Surgical interventions due to breast cancer are very common surgical procedures in women with 140.337 cases in Germany in 2010 [1] . After breast ablatio it is often desired to reconstruct the amputated breast in order to regain symmetry and to imporve the life quality of the patients. These reconstructive surgeries are especially dificult due to the large soft tissue flaps that are necessary to reconstruct the missing breast with accurate volume and in the desired shape. Today, these operations are planned by drawing manually reference lines on the breast and the donor site. The success of the reconstruction thus mainly depends on the surgeons experiennce and skills. For the improvement of breast surgeries in this scope it is desired to have planning tools available that take advantage of modern measurement tools such as 3-D surface scanning and up to date simulation techniques such as the Finite Element Method. For these simulations, the mechanical properties of the human soft tissues are highly relevant. Only if the physical behavior of these structures can be modelled acuratelly, it is possible to plan relyably the operations in breast surgery. Biomechanical studies of the mechanical deformations in the human body often use numerical simulations, such as the finite element analysis (FEA). Especially shape changes of the female breast under varying load conditions such as plain gravity or compression in mammography plates [2] are a current area of interest, both in the computational engineering science and the medical sector. During radiological diagnostics the breast is exposed to different mechanical loading conditions than later at the stage of the operation planning and in the operation room. For better operation planning, a prediction of these mechanical deformations with modern imaging and simulation techniques on the computer is desirable. However, to generate realistic results that consider the physics of biological materials, it is essential to have a sufficient understanding of the theoretical constitutive models and the material parameters that describe the soft tissue of the breast. Although numerous studies have been performed to acquire material parameters, yet no consensus of reliable parameter sets could be generated yet. We think that three-dimensional body scanning can have a decisive role for the determination of soft tissue parameters of the breast: In the presented study 3-D surface scanning is used in combination with volumetric Magnetic Resonance Imaging (MRI) to capture the breast shape in different positions. Simulations with the geometrical volume models from MRI are performed and the simulation results can be validated by using a comparison to 3-D surface scans. With this workflow it is possible to evaluate whether a certain material formulation is suitable for the simulation of the breast tissue.
Material and Methods
In the presented study, twelve different parameter sets for material properties that have been proposed in literature references are used on biomechanical simulation models. These 3-D anatomical models are derived from prone MRI datasets of 18 healthy volunteers (aged 26.9 ± 3.0 years with a range from 22 to 33). All volunteers gave their written informed consent to take part in the study and the Declaration of Helsinki protocols were strictly followed. Volunteers with known history of breast cancer or hereditary risk of breast cancer, acute breast infections, known autoimmune or infectious diseases, severe breast malformations and thoracic deformations or fibrocystic mastopathy and previous breast surgeries were excluded from the study. No indications of existing breast asymmetries were observed and no one of the volunteers did undergo any past surgical interventions in the breast area nor did they plan to do so in the future. With the aid of FEA a force free reference state is calculated, using an iterative heuristic approach to overcome the deformations caused by unavoidable gravity loading. Starting from the obtained gravity free model the shape of the breast in upright position is calculated. The obtained result is then compared to the real volunteers' breast surfaces acquired with a 3-D surface scanner in order to evaluate the applicability of the simulation procedure.
Volumetric Image Acquisition
Volumetric Magnetic Resonance Imaging (MRI) data of the 18 volunteer was captured with the aid of a Philips Achieva 1.5 Tesla MRI scanner (Philips Medical Systems DMC GmbH, Hamburg, Germany) using a T1-weitghted imaging sequence with a 512 x 512 x 179 voxel resolution and a spacing of 0.994 mm x 0.994 mm x 2 mm (imaging parameter: 4.6 ms ecco time and 9.2 ms repetition time). No intravenous contrast medium was applied. The thoracic images were obtained with the participants lying in prone position. The breasts did not touch the MRI bench. This was achieved with pillow supports located above the clavicle and in the shoulder region as well as caudal down to the lower belly area and the pelvic crest region. With this support structure, all compressions of the breast due to 3rd International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 16-17 October 2012 contact with the bench could be omitted. However the breast soft tissue is not stress-free because gravity forces still act. Thus the shape of the free hanging breast can be made available for further processing and segmentation in suitable imaging software packages. The resultant models can finally be used for Finite Element Simulations. But we have to keep in mind that these simulations do not start right away from an unloaded state, due to the acting gravitational forces. The different relevant anatomical compartements (see Fig. 1 ) have been segmented in a semi automiated procedure with the software tool Mimisc ® (Materialise Inc., Leuven, Belgium) and exported as triangulated surfaces for the further processing and simulation model generation.
3-D Surface Scanning
The post-operative outcome of a breast surgery with respect to symmetry is typically evaluated in standing position. However it is not yet common practice in clinical routine to use upright MRI systems due to its cost and the more difficult stable positioning of the patients. Usually in hospitals there are only MRI tube systems available that permit the image acquisition for patients in lying position. So the data for the internal anatomical structure is available either in prone or in supine positions. Three-dimensional surface scanning systems in contrast allow a variety of different positions of the patient including standing upright. Thus these techniques permit an indispensable advantage for the presented study. The imaging in upright position was performed using a surface scanner working with laser triangulation (Konica-Minolta Co., Ltd., Osaka, Japan). This system has largely shown its applicability to breast shape measurements in preliminary studies [3] [4] [5] [6] [7] . The 3-D surface scans of the 18 participants were performed in standing position on predefined markers on the ground under 3rd
standardized lighting conditions (light intensity 350-4000 lux) with a 10 degree upward angle of the scanner facing the participants +30, 0 and -30 degrees relative to the lens in standing position [7] . During acquisition the females were asked to hold their breath. The arms have to be put down the side at the height of the pelvis and the back was supported by a wall to guarantee reproducible data by minimizing potential artifacts due to movements. The acquired single shots from different angles (see Fig. 2 [7] . All potential problems for later work with the data such as holes due to insufficiently clear scanning data or intersections between different acquisitions were fixed. In Fig. 2 an overview of different surface models derived from 3-D laser scanning is given. For all models, the three single images (frontal, right 30° and left 30°) could be merged into one representation of the full frontal part of the breast region. No holes or overlapping surface parts are present in the prepared models.
Utilized material models
Different material models are applied for the simulation of the female breast tissue: such as linear elastic, piecewise-linear elastic, exponential elastic and hyper-elastic constitutive models that have been proposed by several authors. Different methods of deriving the relevant parameters that describe the stiffness of the materials have been used: Krouskop et al. [8] , Wellman et al. [9] and Samani et al. [10] used different material models in one publication including linear elastic, Neo-Hookean and Mooney-Rivlin hyper-elastic models according to different earlier publications [11] [10] [8] .
Linear elastic material models, as used by Tanner et al. [12] , do not permit enough deformation to describe the movement of the breast tissue due to gravity, thus these constitutive models have not been used in the presented study. Even if only gravity loading is applied, the strains exceed the Hookean domain of linear stress-strain relationship. Thus it is inevitable to use hyper-elastic material formulations to describe the deformations of the breast with finite element simulations. In Fig. 3 an overview of different constitutive models proposed in literature is provided and their behavior for different load settings such as uniaxial, biaxial and shear loading. These models are compared in the presented study and their applicability for soft tissue simulation is investigated.
Finite Element Simulation
The segmented surfaces were processed in an adequate 3-D surface processing software (Geomagic Studio 12®, Raindrop Geomagic, Inc., NC, USA) to improve the surface quality and reduce segmentation artifacts that could hinder later mesh generation. For the finite element meshing the software ICEM (Ansys Inc. Canonsburg, PA, USA) has been applied. Three surfaces containing the thoracic wall, pectoral muscle and the breast tissue as an entire component consisting of skin, fat and gland were used in ICEM to make a FEM volume mesh. Standardized demarcations of the models to the sides, top and bottom have been defined in order to guarantee inter-person comparability. Furthermore the element size has been chosen constant throughout all of the models for the same reason. As mentioned above, the MRI data that is used to start with the simulation is derived from prone position. The gravity loading alone has an influence on the shape of the breast that is not negligible. Thus it is not correct to start with the simulations at this state. Instead a fist calculation has to be made to estimate the undeformed state of the breast. For this purpose a special algorithm has been developed to solve this task in an iterative loop (backward calculation). The obtained estimation of the undeformed configuration can be used to start a simulation (forward calculation) of a different position such as standing upright. The programming language APDL (Ansys Parametric Design Language) was used for implementation and automatizing the whole process of Finite Element Simulation that has then ben performed with ANSYS (Ansys Inc. Canonsburg, PA, USA) [13] . 
Comparison of simulations and 3-D surface scans
The finite element simulation provides a breast geometry n upright position. To determine the usability of a certain material parameter set for this type of calculation, a comparison with the real world has to be made (validation). For this purpose the result surface of the calculation as it is meshed in the finite element model is exported as a triangulated surface. This result can be compared to the 3-D laser scans of the breast shape. For accurate positioning of both models, landmarks such as the ones shown in Fig. 4 have been used. For the 3-D comparisons a specially developed algorithm has been used that calculates the node to surface root mean square integration of the so called Haussdorff distance in mm, according to the method described in [14] . The whole workflow is automated to allow fast processing of a lot of data with minimal efforts.
Results
The applicability of the presented workflow for the simulation of the breast could be shown. The whole process is automated and thus permits an easy to use interface for the comparison of different material models with only minimal manual interactions. Due to the softness of the breast tissue it undergoes high deformations even at moderate loading conditions. Even gravity load alone is enough to exceed the linear Hookean domain. Thus the representation of the breast's soft tissue with purely linear elastic material models is not sufficient. Our finite element simulations did show a numerically instable behavior (divergence) when these material models have been applied. Thus, it is inevitable to use nonlinear material models to be able to represent true stresses and strain in this tissue. Out of the numerous different material models that are proposed in literature, we took hyper-elastic models Neo-Hookean and Mooney-Rivlin materials that showed the best stability. However these material models showed big differences in stiffness as visualized in Fig. 5 for example. Many of the proposed materials show to stiff behavior and thus do not allow enough deformation as it is observed in the physiological study with the 3-D laser scanner.
Within the group of hyper-elastic material models that have been proposed in literature, those found by Tanner [2] and Rajagopal [15] , perform significantly (p < 0.01) better than the other material parameter sets evaluated. These are relatively soft material data sets that allow high deformations due to only gravity loading. Variations in boundary conditions have shown a minor influence on the calculation outcome compared to the variation of material parameters.
Conclusion
The advantage of the here presented method is its non-invasive character as a combination of volume imaging (MRI) and 3-D surface scanning (Laser triangulation) and the involvement of the computer for the actual simulation. Since the whole workflow of simulation and data evaluation is automated, multitudes of simulations can be performed with few additional efforts. Thus, optimizations of material parameters can be performed beyond the limits of parameter settings from previous studies that permit patient individual adjustment of material parameters. Thus, reliable biomechanical breast models based on the presented methods can be applied to derive patient specific material parameter sets as well. This data might be helpful in oncology for tumor tracking by integrating comparison of multimodality images into the simulation model and could improve plastic and reconstructive breast surgery planning in the future.
